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Younger (20–25 years of age) and older (61–79 years) adults were evaluated for their ability to visually
discriminate length. Almost all experiments that have utilized the method of single stimuli to date have
required participants to judge test stimuli relative to a single implicit standard (for a rare exception, see
Morgan, On the scaling of size judgements by orientational cues, Vision Research, 1992, 32, 1433–1445).
In the current experiments, we not only asked participants to judge lengths relative to a single implicit
standard, but they also compared test stimuli to two different implicit standards within the same blocks
of trials. We analyzed our participants’ judgments to evaluate whether signiﬁcant sequential dependen-
cies occurred. We found that while individual younger and older adults possessed similar length differ-
ence thresholds and exhibited similar overall biases, the judgments of older adults within individual
blocks of trials were more strongly biased (than younger adults) by preceding responses (i.e., their judg-
ments on any given trial were more strongly affected by responses to previously viewed stimuli). In addi-
tion, the judgments of both younger and older adults were more strongly biased by preceding responses
in the blocks of trials with multiple implicit standards. Overall, our results are consistent with the oper-
ation of the tracking mechanism described by Criterion-setting theory (Lages and Treisman, Spatial fre-
quency discrimination: Visual long-term memory or criterion setting? Vision Research, 1998, 38, 557–
572).
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The method of single stimuli (MSS) has a venerable history. For
over a hundred years, researchers have found that participants can
make precise discriminations of kinesthetic, tactile, visual, audi-
tory, olfactory, and gustatory stimuli even when no explicit stan-
dard is presented (e.g., Fernberger, 1931; Fry, Haupt, & Wartena,
1933; Harris, 1948; Martin & Müller, 1899; McKee, 1981; Morgan,
Watamaniuk, & McKee, 2000; Nachmias, 2006; Norman, Holmin, &
Bartholomew, 2011; Norman & Todd, 1998; Norman et al., 2008;
Pfaffmann, 1935; Treisman & Lages, 2010; Wenzel, 1949; Wever
& Zener, 1928). In this method, a participant makes judgments
about the magnitude (i.e., weight, length, pitch) of a stimulus –
for example, whether an object is heavier or lighter than a standard
weight that is never explicitly presented. Difference thresholdsobtained from such judgments can be just as low (or lower) as
those obtained when using the conventional method of constant
stimuli (e.g., Morgan, Watamaniuk, & McKee, 2000; Nachmias,
2006; Norman & Todd, 1998; Norman, Holmin, & Bartholomew,
2011).
As Morgan, Watamaniuk, and McKee (2000, p. 2342) have
pointed out ‘‘to make a judgment in the MSS, observers must use
some representation or memory of the stimuli they have been
shown before’’. According to the results of their model, human
observers derive their knowledge of the implicit standard in the
MSS from the average of the magnitudes of the 10–20 most
recently presented test stimuli (also see Dyjas, Bausenhart, &
Ulrich, 2012). For each test stimulus, the participant can then judge
whether its magnitude is greater or less than that running average.
A second possibility (Criterion-setting theory, CST) has been
developed by Treisman, Lages, and colleagues (e.g., see Lages &
Paul, 2006; Lages & Treisman, 1998, 2010; Treisman & Williams,
1984). In this view, what is stored in memory (and used for catego-
rization or discrimination) is a response or decision criterion (e.g.,
see Macmillan, 2002; Vogels & Orban, 1986). According to CST, a
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under the inﬂuence of stabilization and tracking mechanisms that
serve to optimize performance. The stabilization mechanism ad-
justs the criterion in such a manner that responses on any given
trial are negatively affected by preceding stimuli (e.g., if a partici-
pant is judging length, a prior ‘‘longer’’ stimulus would reduce
the probability of responding ‘‘longer’’ on a subsequent trial), while
the tracking mechanism adjusts the criterion such that responses
are positively affected by preceding responses (e.g., a prior response
of ‘‘longer’’ would increase the probability of responding ‘‘longer’’
on a subsequent trial). In an experiment using the method of single
stimuli to investigate spatial frequency discrimination, Lages and
Treisman (1998) found strong sequential dependencies (see their
Fig. 4) in the direction predicted by Criterion-setting theory.
Almost all of the psychophysical studies conducted over the
past century using the method of single stimuli have asked partic-
ipants to judge test stimuli relative to a single implicit standard
within individual blocks of trials (as was mentioned earlier, partic-
ipants can perform such judgments with the same or better preci-
sion as when explicitly presented standards are available).
Interestingly, Morgan and colleagues (Morgan, 1992; Morgan,
Watamaniuk, & McKee, 2000) have also demonstrated that human
observers can successfully compare individual test stimuli to a
variety of different standard magnitudes within single blocks of tri-
als (4 and 8 different standards within a block in the experiments
of Morgan, 1992; 9 different standards within a block in Morgan,
Watamaniuk, & McKee, 2000). In Experiment 1 of Morgan (1992),
for example, participants judged the magnitude of spatial separa-
tions between a single pair of parallel lines on any given trial
(i.e., judged whether the separation was larger or smaller than a
standard value). The orientation of the lines on each trial indicated
which standard was to be used for comparison. Morgan (1992)
found that two experienced psychophysical observers could effec-
tively compare the test separations with multiple implicit stan-
dards within a block with no loss of precision (compared to
judgments made with respect to a single implicit standard). When
the number of multiple implicit standards within a block was in-
creased to nine, Morgan, Watamaniuk, and McKee (2000, see their
Fig. 4) found reductions in precision (difference thresholds in-
creased by up to a factor of two) for two additional highly experi-
enced psychophysical observers.
In the current study, we examined the effects discussed here for
a group of twenty younger and older adults, none of whom were
psychophysically experienced observers. First of all, we wanted
to determine the extent to which inexperienced observers can
compare test stimuli against multiple implicit standards within
single blocks of trials. It is known from the results of Morgan
(1992) and Morgan, Watamaniuk, and McKee (2000) that experi-
enced observers can effectively perform such judgments with only
modest (or sometimes no) reductions in precision. Even if younger
inexperienced observers can effectively perform such judgments, it
is not clear whether older adults (in our study, their ages ranged
from 61 to 79 years) could do the same. In our previous research
concerning aging and visual 3-D shape discrimination, we have of-
ten found that while older adults can perform similarly to younger
adults in some circumstances, their performance suffers dispropor-
tionately when tasks become challenging and difﬁcult (e.g., see
Norman, Dawson, & Butler, 2000; Norman et al., 2012, 2013). In
addition, as described earlier, researchers (Lages & Treisman,
1998; Vogels & Orban, 1986; also see Ward, 1982) have found sig-
niﬁcant sequential dependencies, strong effects of prior stimuli and
responses upon responses in subsequent trials. The experiments of
Morgan (1992) and Morgan, Watamaniuk, and McKee (2000) did
not investigate sequential dependencies – while observers are
judging test stimuli relative to multiple standards within a block
of trials, do sequential dependencies exist? If so, are they greaterin magnitude than those that occur when observers judge test
stimuli relative to single standards? The purpose of the current
study is to answer these questions. The abilities of younger adults
were investigated in the current Experiment 1, while those of older
adults were evaluated in the current Experiment 2.2. Experiment 1
2.1. Method
2.1.1. Apparatus
The stimulus displays were generated by an Apple PowerMacin-
tosh G4 computer and were presented on a 22-in. Mitsubishi Dia-
mond Plus 200 monitor. The resolution of the monitor was
1280  1024 pixels. The viewing distance between the participants
and the monitor was 100 cm.
2.1.2. Experimental stimuli
The experimental stimuli were yellow and blue antialiased line
segments (Foley et al., 1996; pp. 132–137) presented in the fronto-
parallel plane, against a black background. The longer implicit
standard was 9.0 cm, while the shorter implicit standard was
6.0 cm (the same standard lengths as those used by Norman
et al., 1996). For each standard, there were a total of six test lengths
(whose lengths were invariant across orientation). Three of the test
lengths were physically shorter than the standard (by 1.6%, 4.8%,
and 8.0%), while three were longer than the standard (also by
1.6%, 4.8%, and 8.0%). Thus, the absolute test lengths were 8.28,
8.57, 8.86, 9.14, 9.43, and 9.72 cm for the longer standard and
5.52, 5.71, 5.90, 6.10, 6.29, and 6.48 cm for the shorter standard.
2.1.3. Procedure
In this experiment, there were two conditions. In the initial con-
dition (300 trials/participant, 2 blocks of 150 trials; 50 total trials
for each of the 6 test lengths, all presented in a random order),
the participants compared test lengths with the longer (i.e.,
9.0 cm) implicit standard. A single yellow test line segment was
presented for 2.0 s on each trial. Each test line possessed a random
orientation and was randomly offset from the center of the display
(both horizontally and vertically) by up to 5 cm (2.9 deg visual
angle). The participants’ task was to judge whether each test line
was longer or shorter than the implicit standard (which they never
saw explicitly); if their judgments were correct, the participants
received feedback (during both experimental and practice blocks)
in the form of a short auditory beep. It has been repeatedly
demonstrated that performance is identical regardless of whether
feedback is or is not provided (e.g., see Fig. 2 of Morgan,
Watamaniuk, & McKee, 2000 and Fig. 3 of Norman, Holmin, & Bar-
tholomew, 2011). As was the case in the experiments of Norman
and Todd (1998) and Norman et al. (2008, 2011), the participants
were given 20 practice trials (with feedback) at the beginning of
each block of 150 trials; Morgan, Watamaniuk, and McKee (2000)
have demonstrated that participants’ knowledge of the standard
magnitude is derived from the running average of the most recent
10–20 trials. The 20 practice trials in the current study, therefore,
gave our participants the opportunity to effectively learn the stan-
dard length (or appropriate response criterion in CST) before
beginning the experimental trials.
In the second (i.e., subsequent) experimental condition, the pro-
cedures were the same as those used in the initial condition. The
only difference was that the participants compared the test lengths
against two implicit standards (6.0 and 9.0 cm) within the same
blocks of trials (600 trials/participant, 2 blocks of 300 trials; 50 to-
tal trials for each of the 6 test lengths for each of the 2 implicit
standards, all presented in a random order). On any given trial
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Fig. 1. Results of Experiment 1. Data and best-ﬁtting psychometric functions are
illustrated for two individual younger participants. The percentages of test lines
judged to be longer than the standard are plotted as a function of test length. The
ﬁlled circles indicate data obtained in the initial condition where the participants
judged test stimuli relative to a single 9.0 cm implicit standard. The open circles and
squares indicate data obtained in the two implicit standards condition (open circles,
9 cm standard; open squares, 6 cm standard).
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Fig. 2. Results of Experiments 1 and 2. The younger participants’ (open bars,
Experiment 1) and older participants’ (ﬁlled bars, Experiment 2) average length
difference thresholds are plotted for the various implicit standard conditions. The
mean of the difference thresholds obtained in the two implicit standards condition
is plotted along with the individual thresholds for the 6 and 9 cm conditions. The
error bars indicate ± 1 SE.
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Fig. 3. Results of Experiment 1. The biases (i.e., PSE’s, points of subjective equality)
of individual younger participants are plotted for the various implicit standard
conditions. Positive values indicate a bias to respond shorter, while negative values
indicate a bias to respond longer. The median for each standard condition is
indicated by horizontal line segments. The individual biases for the younger
participants (Participants 1 and 6) whose complete data was illustrated in Fig. 1 are
highlighted (as P1 and P6).
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segment. If a test line was blue they were to judge its length rela-
tive to one implicit standard magnitude (6.0 cm); if it was yellow,
however, they were to judge its length relative to a second implicit
standard magnitude (9.0 cm). Once again, the participants never
explicitly saw the standard lengths; they were required to learn
the magnitudes of the implicit standards (or appropriate response
criteria in CST) from the 40 practice trials (20 for each of the 2 stan-
dards) presented at the beginning of each experimental block of
300 trials.
2.1.4. Participants
Ten younger adults participated in the experiment (mean age
was 21.7 years, SD = 1.4; ages ranged from 20 to 25 years). The ﬁve
student coauthors (JRC, OCA, KET, MWB, and CER) served as partic-
ipants, as well as ﬁve additional participants who were naive with
respect to the nature and purpose of the experiment. The partici-
pants’ visual acuities were assessed using a standard ETDRS eye
chart (Precision Vision catalog number 2195) at a distance of
1 m. All of the participants possessed normal, or corrected-to-
normal, visual acuity (the average was 0.13 logMAR, log
minimum angle of resolution).
2.2. Results and discussion
Representative results can be seen in Fig. 1, which plots data
and best-ﬁtting psychometric functions for two participants. To
determine the participants’ difference thresholds and biases (i.e.,
points of subjective equality, PSE), we ﬁt a logistic function (Mac-
millan & Creelman, 1991, pp. 188–190) to each participant’s data.
In calculating the difference thresholds, we halved the difference
between the 75th and 25th percentage points of each participant’s
psychometric function (e.g., see Engen, 1971; Westheimer &
McKee, 1977). There was no signiﬁcant difference in either differ-
ence thresholds (F(1,8) = 2.8, p = .14) or biases (F < 1) between the
student coauthors and the naive participants – because the results
of the student coauthors and naive participants were very similar,
their results were combined in subsequent analyses.
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Fig. 2. The difference thresholds obtained when judging lengths
relative to a single implicit standard were very similar to (and
not signiﬁcantly different from, t(18) = 0.7, p = .48, 2-tailed) those
obtained in our previous investigation (Norman, Holmin, & Bar-
tholomew, 2011). The difference thresholds increased by 57.8%,
on average, when the participants were required to evaluate each
test length relative to one of two different standards within the
same blocks of trials – this deterioration in the precision of the
length judgments was signiﬁcant (t(9) = 3.4, p < .01, 2-tailed) and
can readily be seen in Fig. 2.
The participants’ length judgments in the single implicit stan-
dard condition exhibited no systematic biases. In contrast, signiﬁ-
cant biases emerged in the two implicit standards condition. Biases
(percent deviation of PSE from standard) for the ten individual par-
ticipants are shown in Fig. 3; the biases exhibited by participants 1
and 6 can also be seen in Fig. 1. As can be seen in Fig. 3, most of the
participants (8 out of 10) in the 2 standards 9 cm condition had a
bias to respond that the test lengths were shorter than the implicit
standard. This bias was reversed for the shorter (6 cm) implicit
standard. In this case, the participants (9 out of 10) exhibited a bias
to respond ‘‘longer’’. The overall bias magnitudes (absolute values)
are shown in Fig. 4; the bias magnitudes in the 2 standards condi-
tion were, on average, about ﬁve times higher than those obtained
for the single implicit standard (this difference was signiﬁcant,
t(9) = 5.0, p < .001, 2-tailed).
Most of the participants (8 or 9 out of 10) exhibited biases in the
same direction as those illustrated in Fig. 1 – in the 2 standards
condition they possessed a bias to respond ‘‘shorter’’ for the test
lengths judged relative to the 9 cm standard (shifting that func-
tion’s PSE to the right so that it was greater than 9 cm; it was
9.48 cm for participant 1, see Fig. 1) and a bias to respond ‘‘longer’’
for the test lengths judged relative to the 6 cm standard (shifting
that function’s PSE to the left so that it was less than 6 cm; it
was 5.66 cm for participant 1, see Fig. 1). These biases indicate that9 cm 9 cm 6 cm mean
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Fig. 4. Results of Experiments 1 and 2. The younger participants’ (open bars,
Experiment 1) and older participants’ (ﬁlled bars, Experiment 2) average bias
magnitudes are plotted for the various implicit standard conditions. The mean of
the bias magnitudes obtained in the two implicit standards condition is plotted
along with the individual biases obtained for the 6 and 9 cm conditions. The error
bars indicate ± 1 SE.the participants, when making their judgments, apparently be-
lieved that the longer standard was longer (PSE was, on average,
9.28 cm) than it really was (9 cm) and similarly believed that the
shorter standard was shorter (PSE was, on average, 5.77 cm) than
it really was (6 cm). In this condition, it is as if the two implicit
standards were repulsing each other; the participants apparently
believed that these standard magnitudes (6 and 9 cm) were more
different than they actually were. Our results indicate that while
human adults can make accurate length judgments in comparison
to a single implicit standard, they cannot do so when comparing
test lengths to two different implicit standards within the same
blocks of trials.
Compared to single implicit standard conditions, human partic-
ipants’ discriminations of line length become both less precise and
less accurate (see Figs. 2 and 4) when they judge lengths relative to
one or another of two different implicit standards within a block of
trials. Certainly, there is no necessary link between precision and
accuracy: participants’ judgments, for example, can be precise,
but not accurate (e.g., results of Experiment 4 of Norman et al.,
1996), or accurate but not precise (e.g., Experiment 1 of Norman
& Todd, 1996). Fig. 5 demonstrates for the current experiment,
however, that differences in accuracy (of length judgments in the
two implicit standards condition relative to those made in the sin-
gle implicit standard condition) are signiﬁcantly correlated (Pear-
son r = 0.682, r2 = 0.465, p = .03, 2-tailed) with differences in
precision (difference thresholds in the two standards condition rel-
ative to those obtained for a single standard). Those younger par-
ticipants who showed the smallest increase in PSE magnitude
(from the single standard to the two standard conditions) also
showed the smallest increase in difference thresholds; likewise,
the younger participants who showed the largest increases in
PSE magnitude also exhibited the largest increases in difference
thresholds. The fact that about 47% of the variance in increased dif-
ference thresholds can be accounted for by increases in bias mag-
nitude suggests that both of these effects may be due to a common
mechanism.
In order to understand our participants’ biases (it was just
pointed out that increases in our participants’ biases were corre-
lated with differences in precision) in greater detail and to evaluate0.0 2.0 4.0 6.0
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Fig. 5. Results of Experiment 1. For each of the 10 individual younger participants,
the difference in their length discrimination thresholds obtained for the two
implicit standard and single implicit standard conditions (DL2 standards  DL1 standard)
is plotted against the difference in their bias magnitudes obtained for the same
conditions (PSE Magnitude2 standards  PSE Magnitude1 standard). The best-ﬁtting
linear regression line is also included.
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formed an analysis like that of Lages and Treisman (1998, pp.
562–564). Like Lages and Treisman, we pooled individual trials
across participants, and then divided the trials into sets where:
(1) a previous trial’s (at a given lag or distance into the past) stim-
ulus was long relative to its standard and the participant re-
sponded LONG, (2) a previous trial’s stimulus was short, but the
participant responded LONG, (3) a previous trial’s stimulus was
long, but the participant responded SHORT, and (4) a previous
trial’s stimulus was short and the participant responded SHORT.
We therefore examined the inﬂuence of previous stimuli and pre-
vious responses on the participants’ subsequent judgments. We
examined the inﬂuence of immediately preceding trials (lag of 1),
as well as the inﬂuence of older trials (i.e., the inﬂuence of preced-
ing stimuli and responses that occurred up to 5 and 6 trials in the
past). Psychometric functions were then constructed from the out-
come of these sets of trials, and the PSE’s (biases) were calculated
as described earlier. Separate psychometric functions were ob-
tained for (1) trials where the participants judged stimuli relative
to a single implicit standard within a block, (2) trials where the
participants compared test lengths within a block to one of two im-
plicit standards and when the current and preceding stimuli were
judged relative to the SAME implicit standard, and (3) trials where
the participants compared test lengths within a block to one of two
implicit standards and when the current and preceding stimuli
were judged relative to DIFFERENT implicit standards (e.g., current
stimulus was judged relative to the 6 cm standard, but the preced-
ing/lagged stimulus was judged relative to the 9 cm standard). A
total of 72 biases (PSE’s) were calculated (4 combinations of pre-
ceding stimuli and responses  6 lags  3 standard conditions).
The biases produced by the younger participants as a function
of preceding stimuli and preceding responses at varying lags are
shown in Fig. 6. Lages and Treisman (1998, see their Fig. 4) found-4.0
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Fig. 6. Results of Experiment 1. Results of an analysis similar to that performed by Lages
PSE, expressed as a percentage deviation from the standard) are plotted as a function o
SHORT in capital letters indicates whether responses on previous trials were long or shor
trials were longer or shorter than the relevant implicit standard). The participants’ biases
a tendency to respond ‘‘short’’) are plotted as a function of the six most recent trials (e.g.
where a ‘‘short’’ stimulus was presented three trials ago and the participant responded ‘‘lo
single implicit standard, (2) trials within a block utilizing two implicit standards and whe
implicit standard, and (3) trials within a block utilizing two implicit standards and w
DIFFERENT implicit standards.signiﬁcant sequential dependencies for spatial frequency discrimi-
nation (a single implicit standard was used within each block of
trials). In particular, they found positive effects of past responses
(e.g., preceding responses of high spatial frequency would create
a bias favoring a tendency to repeat the same response, regardless
of the stimulus) and negative effects of past stimuli (preceding
stimuli would create biases favoring a tendency to switch re-
sponses; e.g., a previous high frequency stimulus would lead to a
bias favoring a tendency to respond ‘‘low’’). Given the results of
Lages and Treisman, it is interesting that our younger participants
showed no similar sequential dependencies for blocks of trials
where only a single implicit standard was used for length discrim-
ination (F’s for both preceding stimuli and preceding responses
were <1 according to the results of a 2  2 analysis of variance
using the data obtained for different lags as replications). However,
it is readily apparent from an inspection of Fig. 6 that signiﬁcant
sequential dependencies did occur in our blocks of trials where
two implicit standards were utilized. For the two standards
‘‘SAME’’ trials (where current and preceding stimuli were judged
using the same implicit standard), a signiﬁcant positive main effect
of past responses (but no main effect of preceding stimuli) oc-
curred (F(1,5) = 39.2, p < .01; gp2 = .89). In addition, there was a sig-
niﬁcant interaction of preceding responses and preceding stimuli
(F(1,5) = 15.5, p < .02, gp2 = .76). According to this interaction, the
effect of preceding responses was signiﬁcantly larger (43.5% larger)
for short stimuli than for long stimuli. Finally, for the two stan-
dards ‘‘DIFFERENT’’ trials (where current and preceding stimuli
were judged relative to different implicit standards), there were
signiﬁcant main effects of both preceding responses (F(1,5) =
122.0, p < .001, gp2 = .96) and preceding stimuli (F(1,5) = 23.0,
p < .01, gp2 = .82), but no signiﬁcant interaction (F < 1).
For the two standards blocks when the current and preceding
stimuli were judged using the same implicit standard, the ﬁnding1 2 3 4 5 6
Two Standards, DIFFERENT
Lag
LONG–long
LONG–short
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SHORT–short
and Treisman (1998). The younger participants’ biases (points of subjective equality,
f immediately preceding responses and preceding stimuli (in the legend, LONG or
t; long or short, uncapitalized, indicates whether the stimuli presented on previous
(negative biases indicate a tendency to respond ‘‘long’’, while positive biases indicate
, an open square plotted for a lag of three indicates the participants’ biases on trials
ng’’). Biases are plotted for three types of trials: (1) trials within a block devoted to a
re the current trial and the previous/lagged trial were judged according to the SAME
here the current trial and the previous/lagged trial were judged relative to two
94 J.F. Norman et al. / Vision Research 98 (2014) 89–98of a positive effect of preceding responses is similar to, and agrees
with the results of Lages and Treisman (1998). To understand the
pattern of biases obtained for the two standards ‘‘DIFFERENT’’ tri-
als, consider a test line from the shorter set (appeared blue in
the experiment, its length could vary from 5.52 to 6.48 cm) and
imagine that a participant responded ‘‘short’’ (this would be a cor-
rect response if the test length was shorter than 6 cm). Now imag-
ine that the next test line presented was yellow (participant is
therefore supposed to judge this test length relative to a different
standard length of 9 cm) and possessed a length of 8.57 cm. Even
though this test length is physically shorter than its standard, it
is quite long relative to the preceding stimulus. Perhaps it is not
surprising, therefore, that our participants on such trials frequently
responded ‘‘long’’ (i.e., had a bias) even though the current stimu-
lus was short relative to its standard. These results (for blocks of
trials with 2 standards, current and preceding stimuli judged
according to different standards) indicate that it is difﬁcult for hu-
man participants to judge test stimuli relative to the appropriate
standard – their judgments are inﬂuenced by changes in length
across trials that should be irrelevant.0.0
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In a recent study from our laboratory (Norman, Holmin, & Bar-
tholomew, 2011), we found that older adults (range of ages was
69–82 years) were just as capable as younger adults (mean age
was 23.7 years) when visually discriminating test lengths from a
single implicit standard. Our research (e.g., Norman, Dawson, &
Butler, 2000; Norman et al., 2012, 2013) has also found, however,
that while older adults can effectively discriminate 3-D surface
shape from motion and binocular disparity under favorable condi-
tions, their performance deteriorates more than younger adults
under adverse conditions (e.g., when the 3-D surfaces to be dis-
criminated are embedded in correspondence or volumetric
‘‘noise’’). Given the fact that visual systems of older adults function
effectively under good conditions but fail under challenging condi-
tions, it is thus possible that older adults might perform worse
than younger adults in the current task when circumstances are
difﬁcult – i.e., when visually judging test lengths in blocks requir-
ing comparisons with two different implicit standards. One pur-
pose of Experiment 2 was to evaluate this possibility. Will older
adults be able to discriminate lengths relative to two different im-
plicit standards within a block in a manner that is similar to (or dif-
ferent from) the younger adults investigated in Experiment 1?
Additionally, given the ﬁnding of Experiment 1 that younger par-
ticipants’ judgments exhibit signiﬁcant sequential dependencies,
will older participants’ judgments also be affected by preceding
stimuli and responses? If so, will the magnitude of the obtained
sequential dependencies be similar to, less than, or greater than
those exhibited by younger participants?5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
0.0
20.0
40.0
Pe
rc
en
t t
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t l
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e3.1. Method
The apparatus, experimental stimuli, and procedure were all
identical to those used in Experiment 1.1 standard, 9 cm 2 standards, 6 cm2 standards, 9 cm
Test length (cm)
Fig. 7. Results of Experiment 2. Data and best-ﬁtting psychometric functions are
illustrated for two individual older participants. The percentages of test lines judged
to be longer than the standard are plotted as a function of test length. The ﬁlled
circles indicate data obtained in the initial condition where the participants judged
test stimuli relative to a single 9.0 cm implicit standard. The open circles and
squares indicate data obtained in the two implicit standards condition (open circles,
9 cm standard; open squares, 6 cm standard).3.1.1. Participants
Ten older adults participated in the experiment (mean age was
70.0 years, SD = 5.5; ages ranged from 61 to 79 years). All partici-
pants were naive with respect to the nature and purpose of the
experiment. All of the participants possessed good visual acuity
(average logMAR acuity was 0.0), which was assessed at 1 m in
the same manner as in Experiment 1.3.2. Results and discussion
Psychometric functions for representative older participants are
shown in Fig. 7. It is readily apparent that these individual older
participants possessed the same overall type of biases as the youn-
ger participants in Experiment 1. The participants’ difference
thresholds and bias magnitudes were calculated in the same man-
ner as in Experiment 1.
The older participants’ difference thresholds for discriminations
of length are shown in Fig. 2, with the results of the younger par-
ticipants (Experiment 1) plotted for comparison. Numerically, the
older participants’ overall thresholds were lower (higher discrimi-
nation performance) than those of the younger participants by
1.9%. This main effect of age, however, was not signiﬁcant (F < 1).
The older participants’ thresholds increased by 61.8% in the two
standards condition relative to those obtained in the single implicit
standard condition. This increase was similar to the increase of
57.8% that occurred for the younger participants in Experiment 1
(this increase in thresholds obtained for both age groups for the
condition with two standards relative to the thresholds obtained
for the single standard condition was signiﬁcant, F(2,36) = 18.9,
p < .001, gp2 = .51). One can, however, see an effect involving age
in the results plotted in Fig. 2; notice that while the younger par-
ticipants performed better (i.e., had lower thresholds) for the
9 cm standard in the blocks of trials with two implicit standards,
the older participants behaved oppositely and performed better
(had lower thresholds) for the 6 cm standard. This difference in
the pattern of results across the standard conditions for the two
age groups was statistically signiﬁcant (Age  Standard interac-
tion: F(2,36) = 3.31, p < .05, gp2 = .16).
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current experiment are plotted in Fig. 4, with the analogous results
of the younger participants (Experiment 1) plotted for comparison.
It is readily evident that the older participants, like the younger
participants, exhibited much higher biases in the blocks of trials
with two implicit standards. Similar to the results concerning dif-
ference thresholds, there was no main effect of age (F(1,18) = 1.34,
p = .26). However, unlike the difference thresholds, there was also
no signiﬁcant interaction between age and the various standard
conditions (F < 1).
Our older participants ranged from 61 to 79 years in age. We
wanted to evaluate whether increases in age within this range
were associated with any deterioration in the participants’ dif-
ference thresholds or systematic variation in the magnitude of
their individual biases. Correlation coefﬁcients (Pearson r values)
were obtained by correlating the participants’ ages with their
difference thresholds and observed bias magnitudes in the chal-
lenging two implicit standards condition. In the case of the dif-
ference thresholds, the correlation coefﬁcients were 0.059 and
.174 for the 9 and 6 cm standards, respectively (this means that
only 0.35 and 3.0% of the variations in the participants’ differ-
ence thresholds can be accounted for by variations in age). Like-
wise, the correlation coefﬁcients obtained by correlating the
participants’ ages with their observed bias magnitudes were
0.226 and 0.232 for the 9 and 6 cm standards, respectively
(this indicates that only 5.1 and 5.4% of the variations in the
participants’ bias magnitudes can be accounted for by variations
in age).
In order to evaluate possible sequential dependencies for the
older participants, we conducted an analysis of the effects of pre-
ceding responses and preceding stimuli exactly as it was per-
formed in Experiment 1. The results of this analysis are shown in
Fig. 8. Unlike the younger participants, the judgments of the older
participants were signiﬁcantly affected by preceding responses in-4.0
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Fig. 8. Results of Experiment 2. Results of an analysis similar to that performed by Lage
PSE, expressed as a percentage deviation from the standard) are plotted as a function o
SHORT in capital letters indicates whether responses on previous trials were long or shor
trials were longer or shorter than the relevant implicit standard). The participants’ biases
a tendency to respond ‘‘short’’) are plotted as a function of the six most recent trials (e.g.
where a ‘‘short’’ stimulus was presented three trials ago and the participant responded ‘‘lo
single implicit standard, (2) trials within a block utilizing two implicit standards and whe
implicit standard, and (3) trials within a block utilizing two implicit standards and w
DIFFERENT implicit standards.the single implicit standard condition – there was a small, but po-
sitive effect of preceding responses (F(1,5) = 12.2, p < .02, gp2 = .71),
but no effect of preceding stimuli (F(1,5) = 5.2, p > .05). There were
also signiﬁcant effects of preceding responses for the blocks of tri-
als with two implicit standards, both when the current trial and
preceding trials were judged according to the SAME implicit stan-
dard (F(1,5) = 375.2, p < .001, gp2 = .99) and when the current and
preceding trials were judged relative to DIFFERENT implicit stan-
dards (F(1,5) = 21.2, p < .01, gp2 = .81). While there were consistent
effects of preceding responses within the blocks incorporating two
implicit standards, there were no signiﬁcant effects of preceding
stimuli (2 standards, SAME: F(1,5) = 3.3, p > .05; 2 standards, DIF-
FERENT: F(1,5) = 5.9, p > .05).
It is clear from a comparison of Figs. 6 and 8 that the older
adults exhibited essentially the same pattern of biases as the youn-
ger adults (positive effect of preceding responses for the 2 stan-
dards, SAME trials & negative effect of preceding responses for
the 2 standards, DIFFERENT trials, with small [older adults] or no
[younger adults] effects of preceding responses for the single im-
plicit standard condition). One can clearly see, however, that the
biases exhibited by the older adults were generally larger in mag-
nitude. A 3 (types of trials: single implicit standard, two standards
SAME, two standards DIFFERENT)  2 (age: younger versus older
participants) analysis of variance conducted upon the participants’
bias magnitudes revealed a signiﬁcant main effect of age (F(1,46) =
10.1, p < .01, gp2 = .18), a signiﬁcant main effect of trial type
(F(2,92) = 37.3, p < .001, gp2 = .45), as well as a signiﬁcant interac-
tion (F(2,92) = 3.2, p < .05, gp2 = .06). The interaction occurred be-
cause while there was little difference in the bias magnitudes
exhibited by the younger and older participants in the single impli-
cit standard condition, the older participants’ bias magnitudes in
the blocks of trials with two implicit standards were 52.9% higher
than those of the younger participants (e.g., compare the bias mag-
nitudes illustrated in Figs. 6 and 8).1 2 3 4 5 6
Two Standards, DIFFERENT
Lag
LONG-long
LONG-short
SHORT-long
SHORT-short
s and Treisman (1998). The older participants’ biases (points of subjective equality,
f immediately preceding responses and preceding stimuli (in the legend, LONG or
t; long or short, uncapitalized, indicates whether the stimuli presented on previous
(negative biases indicate a tendency to respond ‘‘long’’, while positive biases indicate
, an open square plotted for a lag of three indicates the participants’ biases on trials
ng’’). Biases are plotted for three types of trials: (1) trials within a block devoted to a
re the current trial and the previous/lagged trial were judged according to the SAME
here the current trial and the previous/lagged trial were judged relative to two
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The current experiments used the method of single stimuli
(MSS, e.g., see Fernberger, 1931; Wever & Zener, 1928) to evaluate
visual length discrimination in younger and older adults. One
desirable advantage of the method of single stimuli is that differ-
ence thresholds can be obtained with only half of the stimulus pre-
sentations required with the conventional method of constant
stimuli. Furthermore, the discrimination performance obtained
using the method of single stimuli is as good, or better, than that
obtained with the method of constant stimuli (e.g., Morgan, Wat-
amaniuk, & McKee, 2000; Nachmias, 2006; Norman et al., 2008;
Norman, Holmin, & Bartholomew, 2011). Successful performance
for the method of single stimuli requires memory: the participant
must obviously compare the current stimulus with something in
order to make an accurate judgment on any given trial. In a study
such as ours, one intuitive possibility is that the participants judge
whether any given test length is shorter or longer than their
memory of the relevant standard length. The results of Morgan,
Watamaniuk, and McKee (2000) suggest that participants’ knowl-
edge of the standard is derived from the running average of the
stimuli presented during the most recent 10 to 20 trials. A quite
different possible explanation, Criterion-setting theory (CST), has
been proposed by Lages and Treisman (1998, 2010; also see Lages
& Paul, 2006; Treisman & Lages, 2010; Treisman &Williams, 1984).
According to CST, what is stored in memory and utilized for judg-
ment during the method of single stimuli is not a representation of
the standard stimulus, but a decision or response criterion.
Criterion-setting theory is an extension of Signal Detection The-
ory (e.g., see Green & Swets, 1966; Macmillan & Creelman, 1991). It
proposes that a participants’ decision criterion changes across tri-
als within individual blocks in order to maximize performance.
Two different mechanisms (either one mechanism or the other at
any given time, or both simultaneously; see Treisman & Williams,
1984) in CST inﬂuence the location of the decision criterion (along
a decision axis) at any given moment. The stabilization mechanism
adjusts the decision criterion in response to stimuli that one has
experienced in the recent past. Past research (e.g., Lages & Treis-
man, 1998; Vogels & Orban, 1986) has found evidence to support
the operation of such a stabilization mechanism – judgments on
individual trials have been found to be negatively affected by pre-
ceding stimuli (i.e., a previously ‘‘long’’ stimulus, say, will shift the
criterion in such a manner that a ‘‘long’’ response on subsequent
trials becomes less likely). The tracking mechanism adjusts the deci-
sion criterion according to past responses – the operation of this
mechanism within CST produces positive sequential dependencies
(i.e., a previous response of ‘‘long’’ will adjust the decision criterion
in such a manner as to make subsequent responses of ‘‘long’’ more
likely). Lages and Treisman (1998, p. 563), for example, found such
positive sequential dependencies in a method of single stimuli
experiment evaluating spatial frequency discrimination.
In the current experiments, we found consistent effects of pre-
ceding responses in the condition with two implicit standards (see
Figs. 6 and 8 for the biases exhibited by the younger and older par-
ticipants, respectively). Positive effects of preceding responses
were obtained for older adults in the single implicit standard con-
dition (upper left panel of Fig. 8), as well as in trials in the two im-
plicit standards condition when current and preceding stimuli
were judged relative to the same standard (lower left panel of
Fig. 8). Similar positive effects of preceding responses also occurred
for the younger participants during trials in the two implicit stan-
dards condition when current and preceding stimuli were again
judged relative to the same standard (lower left panel of Fig. 6).
These positive sequential dependencies are similar to those ob-
tained by Lages and Treisman (1998), and are consistent with thepredictions of Criterion-setting theory. Our results are also consis-
tent with those of Verplanck, Collier, and Cotton (1952) and Ho-
warth and Bulmer (1956) – these authors also found positive
effects of past responses on subsequent trials. Interestingly, the
judgments made by our younger participants during the single im-
plicit standard condition (upper left panel of Fig. 6) were unaf-
fected by responses made on previous trials. Consider now the
outcome of our experiments for trials in the two implicit standards
condition when current and preceding stimuli were judged relative
to different standards (lower right panels of Figs. 6 and 8). In this
situation, preceding short responses created a tendency to respond
‘‘long’’ on subsequent trials, while preceding long responses
created tendencies to respond ‘‘short’’ on subsequent trials (Older
participants) or were accompanied by little bias (Younger partici-
pants). To understand this pattern of responding, it is important
to remember that in these blocks all of the test lengths ({5.52,
5.71, 5.90, 6.10, 6.29, and 6.48 cm}, {8.28, 8.57, 8.86, 9.14, 9.43,
and 9.72 cm}) were randomly intermixed. Consider a preceding
trial where the (blue) test length was from the shorter set, say
5.71 cm, and the participant responded correctly that it was
‘‘shorter’’ than its standard (6 cm). Because all test lengths (deviat-
ing in length from both the 6 and 9 cm standards) were intermixed
and presented in a random order, there was a high probability (50%
chance) that this preceding blue test length (5.71 cm) could be fol-
lowed by a yellow test length from the longer set (that is supposed
to be judged according to a different, 9 cm, standard). It is just as
likely as not that the subsequent yellow test stimulus could have
a depicted length of either 8.28, 8.57, or 8.86 cm. Even though such
lengths are supposed to be judged relative to the 9 cm standard (so
that the participant should respond ‘‘shorter’’), their length is so
much longer than the preceding blue line (e.g., an 8.57 cm yellow
test length would be 50.0% longer than the preceding 5.71 cm blue
test length), it is not surprising that a participant might respond
‘‘longer’’ (i.e., from one trial to the next, the participant saw a large
increase in stimulus length, so it is understandable that they might
respond ‘‘longer’’, even though a correct response would be ‘‘short-
er’’). Given that both the younger and older participants in this
condition frequently had a bias to respond long following a previ-
ous short response (and the older participants had a similar bias to
respond short following a previous response of long) when there
was a change in the standard to be used for judgment, it is clear
that the participants experienced some difﬁculty in appropriately
comparing the test stimuli to the relevant standard.
While there were consistent effects of preceding responses
upon the participants’ judgments in the current experiments, there
were no consistent effects of preceding stimuli. The most likely
explanation involves feedback; feedback can suppress the stabil-
ization mechanism in Criterion-setting theory and eliminate the
inﬂuence of preceding stimuli (Treisman & Williams, 1984; also
see Tanner & Rauk, 1970). In the current experiments, auditory
feedback for correct responses was provided on every trial.
Over the past several decades, a variety of experiments involv-
ing humans and monkeys have documented age-related deﬁcien-
cies in visual memory (Charness, 1981; Giambra et al., 1995;
Golski et al., 1998; Moss, Rosene, & Peters, 1988; Presty et al.,
1987; Riege & Inman, 1981). For example, Charness (1981) showed
younger and older adults chess diagrams indicating the placement
of pieces from the middle of an ongoing game of chess (to be in-
cluded, a diagram had to depict an arrangement of at least 18 chess
pieces). The participants were given either 1, 2, or 4 s to visually
study the chess piece arrangements, and their memory was tested
(by requiring the participants to repopulate an empty chess board
with the appropriate pieces) both immediately and after a delay of
15 s. Overall, the younger adults remembered 33.5% more piece
placements correctly than the older adults (see Table 1 of Charness,
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ten ‘‘geometric art patterns’’ created by Victor Vasarely (0.5 s dura-
tion for each pattern) to younger and older adults. After a 1-min
delay, the participants were presented with 40 patterns and were
required to indicate whether each pattern was either ‘‘old’’ (one
that they had seen before in the study phase) or ‘‘new’’ (had not
seen before). The results (see their Fig. 1) indicated that the youn-
gest (mean age was 25.1 years) participants’ visual recognition
ability was 92.3% higher than that exhibited by the oldest group
of participants (mean age was 73.4 years). Riege and Inman con-
cluded (p. 51) that their participants’ ‘‘nonverbal memory process-
ing ... was affected adversely by age.’’
As we have seen, a signiﬁcant number of previous studies have
found adverse effects of aging upon performance for visual mem-
ory tests. It is therefore interesting to note that many other studies
of visual memory have found no signiﬁcant effects of increasing
age (Bennett et al., 2001; Bennett, Sekuler, & Sekuler, 2007; Del-
la-Maggiore et al., 2000; McIntosh et al., 1999; Norman, Holmin,
& Bartholomew, 2011; Sekuler et al., 2005, 2006). These studies
have employed either sine-wave luminance gratings or line seg-
ments as stimuli; one advantage of using such stimuli is that their
recognition or discrimination is unlikely to be inﬂuenced by verbal
mediation. In an experiment by Bennett, Sekuler, and Sekuler
(2007, see their Fig. 2), younger and older participants were re-
quired to reproduce the orientation of a previously viewed line
segment following delays ranging from 0.024 to 6 s. Bennett
et al. found that both age groups performed equally well. On any
given trial, Sekuler et al. (2006) sequentially showed their partici-
pants three compound sine-wave luminance gratings (superim-
posed horizontally- and vertically-oriented luminance gratings of
variable spatial frequency). Following a delay of either 1 or 4 s,
the participants were then required to judge whether a newly pre-
sented (i.e., fourth) grating had been presented earlier, and if it had,
whether it had been shown in the ﬁrst, second, or third temporal
interval. Sekuler et al. found (p. 635) that the ‘‘older participants
achieved a somewhat higher proportion of correct recognitions
than did their younger counterparts’’. This numerical difference
was not signiﬁcant, however: there were no signiﬁcant effects of
age, neither main effects nor interactions. Sekuler et al. concluded
(p. 632) that ‘‘short-term visual recognition and temporal order
memory are both well-preserved in aging’’.
The results of the current experiments are generally similar to
those of Sekuler et al. (2006). We found, for example, that older
adults’ abilities to visually discriminate line length were just as
good as those of younger adults (see Fig. 2) – as discussed earlier,
the ability to discriminate in the method of single stimuli depends
upon memory. Our older participants, therefore, possessed effec-
tive visual memories. Likewise, our older participants’ overall
biases (PSE’s of psychometric functions) were similar in magnitude
to those of the younger participants (see Fig. 4). However, other
current results (compare Figs. 6 and 8) demonstrate that the indi-
vidual judgments of older participants (especially in blocks incor-
porating two implicit standards) are more affected by preceding
responses than judgments made by younger participants. Our re-
sults therefore indicate that while older adults can precisely dis-
criminate length, their judgments are more affected by
sequential dependencies.
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